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Abstract
This paper addresses the problem of testing generalized aspheric surfaces. The technique involves the use of diamond
machined null reflective compensators. These null mirrors can be designed, fabricated and qualified in-house quickly which
is a big advantage in a production environment. Methods of null reflector design as well as test configuration alignment will
be discussed. Several examples of this method will be used to illustrate the technique.
Introduction
The proliferation and advancement of diamond machining has led to the widespread use of aspheric surfaces in lens
design. The diamond machining process provides a method of directly obtaining a rotationally symmetric generalized aspheric
surface that is significantly less labor intensive than conventional grinding and polishing. In addition greater design flexibility
is achieved in that extremely fast surfaces on-axis or off-axis can be fabricated. The main limitation to the process is the
ability to test these surfaces fully and accurately.
Strictly speaking any surface that is not a sphere is an asphere, however, this paper will address the problem of
testing conventional aspheres that are defined as a conic of revolution with higher even order terms up to 10 order. At
present any surface with rotational symmetry can be fabricated by diamond machining. Aspheres that might be considered
unconventional are those with odd order terms or terms higher than 10th order. Other unconventional surfaces can are those
described by generalized polynomials or by differential equations. None of the above pose a restriction on fabrication from
a diamond turning perspective but are not commonly found in general practice. The surfaces described here are those that
are commonly modeled by commercial lens design programs.
The problem, of testing these surfaces is complicated by the large degree of wavefront asphericity and lack of axial
stigmatic conjugates. In addition, off-axis mirrors do not have a real physical vertex to locate from. The use of null reflective
compensators has proven to be an excellent method of testing these types of optics.
The basic theory behind the use of reflective null surfaces is presented by Gerchman' in which he gives an excellent
general discussion of wavefront compensation. His example was designed with a parametric representation of the null surface
coordinates and the test setup used an infinite conjugate test beam. In another example2, Gerchman uses a null reflector to
test an unusual surface that is described by a differential equation. Holleran3'4 presents some interesting theory on aspheric
null testing using single lenses. He mathematically derives the asphericity of a propagating wavefront at any point along the
optical axis.
Figure 1 shows an aspheric wavefront propagating from an optical system. The system could be a single surface
such as from a lens or mirror or it may contain multiple elements.
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The wavefront source is an axial point in object space possibly at infinity. After passing through the system the
aspheric wavefront will converge toward the axial image point. This wavefront changes its asphericity as it propagates and
at any longitudinal point in image space the sag can be described by the standard vertex form of the conic with higher order
terms. At some convenient location outside of the caustic region a surface can be fit to match (i.e. null out) the aspheric
wavefront.
Design Methodology
The principal behind the design of the aspheric compensator is to ensure exact axial stigmatism between an input
conjugate to the system under test and the return wavefront to this conjugate. The test setup can be considered as an optical
system containing the interferometer, the optical system or surface under test and the null reflective surface. The test
wavefront from the interferometer is either a well corrected plane wave (infinite conjugate) or well corrected spherical wave
(finite conjugate). The interferometer used in these measurements is a Fizeau type made by WYKO Corp.
A good starting point is to trace rays from a suitable object point to determine the image point and length of the
caustic region (Fig. 1.). The next step is to place a spherical reflector centered about the image point so that the first order
retroreflecting properties of the system are satisfied. The placement of this surface must be such that it lies outside of the
caustic region in order to ensure that the heights of the rays striking the null are a monotonic function of incident ray height
on the test surface. The null surface must also be placed and sized such that there is no vignetting of the incident wavefront
to the system under test. Once these constraints are satisfied the next step is to vary the conic constant and higher order
aspheric terms until the return wavefront to the interferometer is sufficiently nulled. In some cases it is necessary to vary
the radius of curvature and axial spacing of the null reflector as well to obtain a satisfactory solution. The optical test layout
and subsequent optimization and evaluation is performed with the Super-Oslo lens design software from Sinclair Optics Inc.
After the null reflector has been designed and diamond machined the aspheric profile must be verified. This is
accomplished by tracing the surface with an RTH Form Talysurf contact profilometer5. The profilometer must be able to trace
through the optical axis of the null to ensure a correct measurement. For this reason the mechanical design must include the
center even though it is not used in the wavefront compensation.
The null compensator is fabricated with reference surfaces in the same machining setup as the contour to allow for
ease of alignment in the final test. It should be stressed that this technique is not limited to single reflecting surfaces but
could apply equally well to lenses and multi-element systems.
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Application I • An Infinite Conjugate Null Test
This section will focus on one of two types of optical test layouts for this technique. Figure 2 shows the double pass
optical layout of a circularly symmetric aspheric mirror under test. The incident lest beam from the interferometer is a
well-corrected plane wave on-axis. This beam reflects from the aspheric mirror surface and forms a converging aspherical
wavefront towards the optical axis that is intercepted by the null reflective surface. This wavefront is returned to the asphenc
mirror and subsequently to the interferometer as a plane wave.

The aspheric mirror under test is a generalized asphere with a vertex radius of curvature, conic constant and higher
order terms (A^ - Am). Likewise the null surface prescription is that of a generalized asphere with different values for the
above terms.
Figure 3 shows the mechanical design of the null reflector and Figure 4 shows the actual part. It is simple, small
and uses a single piece of aluminum. The back is lapped flat and is a reference surface for machining and alignment. The
aspheric contour is machined on the front side and is continuous through the center.
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Figure 5 shows the aspheric mirror, the null reflector and the reference Oat of the Fizeau interferometer. Since the
source is a plane wave, only tip and tilt is needed to align the mirror to the test beam. The mounting pads on the asphenc
mirror have been diamond machined in the same setup as the contour and are perpendicular to the optical axis. These are used
to align the aspheric mirror to the test beam.

Fig. 5. Infinite conjugate test showing the interferometer, null reflector, and aspheric mirror.
Figure 6 shows the interferogram of the aspheric surface with some tilt added. The aspheric mirror is slated to work
in the near IR and the surface figure error is specified to be $ 6\ peak-to-valley at 0.6328nm which is the test wavelength.
Figure 7 shows the OPD analysis of the interferogram.

Fig. 6. Resultant double pass wavefront off aspheric mirror. Fig. 7. OPD analysis of interferogram.
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Application II - A Finite Conjugate Null Test
The second application to be discussed is a finite conjugate test of an off-axis generalized asphere. Figure 8 shows
the double pass layout of this test In this case the test beam is a well-corrected spherical wave diverging from a convenient
object point on the optical axis. The null reflector surface is positioned to intercept the reflected light that is propagating to
the image point. It returns the light to the surface under test which reflects the test beam back through the initial conjugate
to the interferometer as a spherical wave. One reason for using this arrangement is that the finite diameter of the collimated
beam from the interferometer may not be large enough to illuminate the mirror under test Another is that the reflected
wavefront from an infinite conjugate source can be too fast for a single surface to sufficiently null within the mechanical
constraints. A finite conjugate layout allows for a slower beam and less asphericity.
In this type of arrangement it is necessary to locate the mirror under test in 5 axes to the input wavefront conjugate. The
vertex of the aspheric must be positioned in X,Y,Z precisely to the input conjugate and its aspheric axis must be positioned
parallel to the reference axis of the interferometer thus requiring tip and tilt. This is accomplished by machining the proper
alignment surfaces on the fixture in the same setup as the contouring.

Fig. 8. Optical layout of finite conjugate null reflector test.
Figures 9 and 10 are photos of the setup and hardware used. Figure 9 shows the optical setup with the reference
sphere from the interferometer, the null reflector and the aspheric mirror under test. Figure 10 shows the fixture used to
mount the off-axis mirror segments. The fixture is dual use for machining and testing6.
The mirror segments are mounted on ramps that in turn are mounted on the fixture face. The face has been diamond
machined perpendicular to the optical axis of the mirror. This provides tip/tilt adjustment of the mirror under test. The ramps
contain dowel pins to precisely locate the mirror in translation with respect to the optical axis which is also the mechanical
turning axis. In the center of the fixture is a spherical alignment stud that is cut at the same time as the mirror. The radius
of curvature of this stud is equal to the aspheric mirror vertex-to-conjugate distance and is lined up to the mirror vertex. This
is not an absolute requirement but is convenient. One can, make the radius of curvature any value as long as it relates the
vertex of the mirror under test to the input conjugate of the test beam. The alignment stud allows positioning in X,Y,Z. The
use of 5 axis reference surfaces on the fixture allows mirror alignment to be accomplished in minutes.
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Fig. 13. Resultant double pass wavefront. Fig. 14. OPD analysis of interferogram.
Conclusion
The use of single point diamond turned null reflective compensators is an accurate and easy method of testing generalized
aspheric surfaces. These surfaces can be circularly symmetric or off-axis segments and may have large aspheric departures.
The diamond turned null can be designed, fabricated and verified in-house which provides good cost effectiveness
especially in a production environment.
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